Summary: The purpose of this study was to determine the effect of selective modulation of brain temperature in the experimental settings of permanent and reversible middle cerebral artery (MCA) occlusion in Sprague Dawley rats. Three models of proximal MCA occlusion were used, in which the effect of brain-temperature mod ulations could be studied. These included (a) permanent MCA occlusion with an initial 30-min period of hypoten sion (30 or 36°C x 4 h), (b) permanent MCA occlusion alone (30, 36, or 39°C x 2 h), and (c) 2 h of reversible MCA occlusion (30, 36, or 39°C x 2 h). In the transient MCA occlusion series, intra-and postischemic cortical blood flow was assessed using a laser-Doppler flowmeter placed over the dorsolateral cortex. After a 3-day sur vival, all rats were perfusion fixed for histopathological analysis and the determination of infarct volume. In ani mals with permanent MCA occlusion plus hypotension, no significant difference in infarct volume was demon strated between the 30 and 36°C groups. In rats with per manent MCA occlusion without hypotension, significant
differences in infarct volume were again not demonstra ble, but an interaction between infarct area and temper ature class was shown by repeated-measures analysis, indicating that hypothermia altered the topographic pat tern of the cortical infarct. With 2 h of reversible MCA occlusion, there was a statistically significant reduction in infarct volume in the 30°C groJlP compared to 39°C rats. Although intra-and postischemic CBP were not signifi cantly different among the three temperature groups, the cortical infarct volume was positively correlated with postischemic CBP. The postischemic CBP, in turn, was positively correlated to the intraischemic brain tempera ture and was negatively correlated to CBP during the ischemic period. These findings demonstrate that moder ate manipUlations of brain temperature have a greater in fluence on the resulting cortical infarction in the setting of transient focal ischemia than in the context of permanent vascular occlusion. Key Words: Cerebral hypothermia Hyperthermia-Cerebroprotection-MCA occlusion Laser-Doppler flowmetry-Rat. observations in rodent model of global ischemia fur ther delineate the critical influence of intraischemic or postischemic brain temperature on the final out come of vulnerable brain regions (Busto et aI., 1987 (Busto et aI., , 1989a Clifton et aI., 1989; Buchan and Pulsinelli, 1990; Dietrich et aI., 1990b; Kuroiwa et aI., 1990; Minamisawa et aI., 1990; Welsh et aI., 1990; Chopp et aI., 1991) . In the setting of focal ischemic brain injury, however, the literature is rather sparse and controversial. Rosomoff (1957) performed perma nent middle cerebral artery (MCA) occlusion in the dog and, within certain intervals after ischemia, be gan cooling the whole body to :s.;;2 4°C for 1 h. He observed better neurologic score in those animals whose bodies were cooled within 15 min. Michen-felder and Milde (1977) and Steen et al. (1979) per formed MCA occlusion in monkeys and cats and, within 30 min after ischemia, cooled the whole body to 29°C for 48 h. They observed higher mortality in hypothermic animals than in normothermic con trols. These observations suggest different overall effects of whole-body hypothermic therapy, de pending upon the degree and the duration of hypo thermia. By selectively modulating brain tempera ture, however, one may avoid the adverse systemic effects of hypothermia (Steen et aI., 1980) and may regulate actual brain temperature more precisely (Busto et aI., 1989b) . In this regard, Onesti and col leagues (1991) have recently reported significant re duction of infarct volume following permanent MCA occlusion when profound brain hypothermia (24°C) was maintained for 1 h after occlusion. Moyer and Welsh (1990) found that lowering cere bral temperature from 37.soC to 32°C for 1 h in a rat model of permanent MCA occlusion plus I-h re versible carotid artery occlusions reduced mean in farct volume by 86%.
The current studies were undertaken to evaluate the effect of selective modulation of brain temper ature in the acute stage of focal ischemia. Three models of proximal right MCA occlusion in the Sprague-Dawley rat were used: (a) permanent MCA occlusion plus an initial 30-min period of halo thane-induced hypotension; (b) permanent MCA occlusion alone; and (c) 2 h of reversible MCA oc clusion. The addition of halothane-induced hy potension has been shown to yield a larger cerebral infarct than is observed without blood pressure ma nipulation (Osborne et aI., 1987) . Reversible MCA occlusion was produced by applying a metal clip on the artery. CBF reduction during MCA occlusion and the extent of postischemic reperfusion were verified using a laser-Doppler flowmeter placed on the surface of the brain. The final outcome was as sessed by quantitatively analyzing the infarct size after a 3-day survival. Our results document that the influence of altered brain temperature during focal vascular occlusion differs in the three experi mental conditions studied. The results of these studies have been presented in part in abstract form (Morikawa et aI., 199Ia, b) .
MATERIALS AND METHODS

Animal preparation
Normally fed male Sprague-Dawley rats (Charles River Laboratories, Inc., Wilmington, MA, U.S.A.) weighing between 300 and 480 g were used. After induc tion of anesthesia with 4% halothane, the rats were intu bated endotracheally with PE-240 polyethylene tubing and mechanically ventilated with 1.5% halothane, 70% nitrous oxide, and balance of oxygen. Atropine sulfate, 0.04 mg, was injected intraperitoneally. PE-50 polyethyl ene catheters were inserted into the right femoral artery and vein. Arterial blood pressure was continuously mon itored, and arterial blood was intermittently sampled for measurement of blood gases and plasma glucose. Respi ratory adjustments were made as needed to insure normal arterial blood gases. Pancuronium bromide, 0.6 mg/kg, was injected intravenously, and additional doses of 0.2 mg/kg were administered as needed for immobilization. Rectal temperature was maintained between 36.5 and 37 SC throughout the experiment by means of a rectal thermistor probe and a thermostatically regulated heating lamp placed above the body of the animal. Cefazolin, 50 mg, was injected intramuscularly at the end of the exper iment.
Middle cerebral artery occlusion
Rats were mounted on a stereotactic frame, and the right proximal MCA was exposed through a zygomatic subtemporal approach as described by Tamura et al. (l981a) . For permanent MCA occlusion, a segment of proximal MCA, approximately 2.5 mm long and including the branch to the lateral olfactory tract, was electrocoag ulated and then divided to insure interruption of blood flow. For reversible MCA occlusion, the MCA was oc cluded with a small metal clip (Zen temporary clip, 15 g pressure, Ohwa Tsusho Co., Ltd., Tokyo, Japan) for 2 h at the segment that overlies the olfactory tract. Reperfu sion of the MCA was instituted by removing the clip. After the experiment, the wound was closed and the rats were extubated and returned to their cages with free ac cess to food and water.
Pilot temperature studies
In pilot studies using the model of Experiment I de scribed below (n = 4), brain temperature was simulta neously measured in the lateral cortex (6.0 mm lateral, 0.3 mm caudal, 5.5 mm ventral to the bregma) and dorsolat eral cortex (4.0 mm lateral, 0.3 mm caudal, 3.0 mm ven tral to the bregma) ipsilateral to MCA occlusion, as well as in the contralateral cortex, while body temperature was held at 37°C. We observed that the decline of brain temperature due to MCA occlusion was much less (1.0-2.0°C) than has been reported in global ischemia (�0C) (Busto et aI., 1987; Minamisawa et aI., 1990a) . Further more, the decline of brain temperature during MCA oc clusion was consistently greater in the lateral cortex (1.3-2.0°C) than in the dorsolateral cortex (1.0-1.4°C), whereas no decline was observed in the cortex contralat eral to MCA occlusion. The difference between the tem perature of the lateral and dorsolateral cortex may be due to a difference in ischemic severity at these points (Tamura et aI., 1981b; Tyson et aI., 1984) or may partly be due to the different depths of these points from the sur face of the brain, as has been described in global ischemia (Minamisawa et aI., 1990a) . In any case, the variation of temperature among these three brain regions was usually less than 2°C during the experimental procedure. Because histopathology of the ipsilateral dorsolateral cortex is most relevant variable determining the ultimate size of the overall cortical infarct (Duverger and MacKenzie, 1988; Nakayama et aI., 1988) , we monitored and regu lated the brain temperature of this region in subsequent experiments.
Thermocouple placement and brain temperature regulation
A 33-gauge thermocouple probe (CN9000, Omega, Stanford, CT, U.S.A.), which was calibrated against a mercury thermometer before each experiment, was intro duced through a small burr hole drilled at 0.3 mm poste rior and 4.0 mm lateral to the bregma and was placed 3.0 mm ventral to the level of the bregma. The tip of the probe thus lay within the deep dorsolateral cortex at the coronal level of the anterior commissure ipsilateral to MCA occlusion. The brain temperature (BT) at this site was thermostatically regulated with a warming lamp and! or a cooling fan. The BT was maintained at 36°C (35.5-36.0°C) for at least 30 min before MCA occlusion. Within a few minutes after MCA occlusion, the BT was regulated according to the specific experimental protocol. The ther mocouple was removed from the brain before the wound was closed.
Experimental protocol
Experiment 1 (permanent MeA occlusion + hypoten sion). The BT was held at either 30°C (29.5-30.0°C, n = 5) or 36°C (35.5-36.0°C, n = 15) for 4 h after MCA oc clusion. Halothane-induced hypotension to 50 mm Hg was added for an initial 30 min after MCA occlusion.
Experiment 2 (permanent MeA occlusion). The BT was held at 30°C (29.5-30.0°C, n = 13), 36°C (35.5-36.0°C, n = 5), or 39°C (39.0-39SC, n = 5) for 2 h after permanent MCA occlusion and was not regulated there after. No blood pressure manipUlation was performed during the experiment.
Experiment 3 (reversible MeA occlusion). The BT was held at 30°C (29.5-30.0°C, n = 14), 36°C (35.5-36.0°C, n = 16), or 39°C (39.0-39SC, n = 7) during a 2-h period of reversible MCA occlusion and was not regulated thereaf ter.
Histopathological evaluation
Three days after MCA occlusion, rats were trache ostomized under 2% halothane anesthesia, immobilized with 5 mg of d-tubocurarine i.p., and mechanically ven tilated. The brain was perfusion-fixed by transcardiac perfusion with physiologic saline followed by a mixture of 40% formaldehyde, glacial acetic acid, and methanol (1:1:8 by volume), which was delivered at 110 mm Hg for 20 min. Coronal brain blocks were embedded in paraffin. Brain sections 10 f,Lm thick were prepared at 200-f,Lm in tervals. These sections were stained with hematoxylin and eosin. For morphometric study, ten coronal levels were selected at defined anatomic landmarks (Gotoh et al., 1986) . Each section was viewed at low power (x 10), and the infarcted area was traced onto paper using a cam era lucida microscope attachment. Each drawing was then retraced onto a digitizing tablet interfaced to a com puter, which calculated infarcted areas at each coronal level. The infarct volume was calculated by numeric in tegration of sequential infarct areas.
Measurement of cortical blood flow with laser-Doppler flowmetry
Blood flow of the dorsolateral cortex was monitored in Experiment 3 (n = 5 in the 30°C group, n = 6 in the 36 and 39°C groups) beginning before MCA occlusion and continuing for 30 min after MCA reperfusion by means of laser-Doppler flowmetry (BPM 403A, TSI Inc., St. Paul, MN, U.S.A.). A 3 x 3 mm craniectomy was made, cen- Vol, 12, No, 3, 1992 tered at 3 mm ventral and 0.5 mm anterior to the bregma, corresponding to the surface of dorsolateral cortex (Pax inos and Watson, 1982) . The dura mater was kept intact. A laser-Doppler flowmetry probe of 0.8 mm diameter, attached to a stereotactic holder, was advanced to the surface of the exposed cortex. Large blood vessels were avoided under microscopic guidance. Steady-state base line values were recorded before MCA occlusion, and cortical blood flow was expressed as a percentage of the baseline value for each site (Dirnagl et al., 1989) . Because light interferes with the flow reading, the heating lamps and microscope illumination were temporarily turned off at the time of blood flow recording. BT regulation for these rats was performed according to the usual protocol. Thus, after reperfusion of the MCA, brain temperature was only monitored but not regulated.
Statistical analysis
Data were analyzed by means of the SAS General Lin ear Models procedure (SAS Institute Inc., Cary, NC, U.S.A.). For each experiment, a one-way analysis of variance (ANOV A) was used for the comparison of in farct volumes among the different temperature groups. The Bonferroni, Scheffe, and Dunn procedures were used to correct for multiple comparisons. A repeated-measures ANOV A was employed to test sequential infarct areas for overall between-subject effects with respect to tempera ture class and to assess within-subjects effects (with re spect to infarct area and area x temperature interac tions). Linear regression models were used to evaluate interrelationships between intra-and postischemic corti cal blood flow, BT, and infarct volume.
RESULTS
Physiologic variables
Table 1 summarizes the physiological variables before MCA occlusion. No significant intergroup differences were noted in arterial blood gases, plasma glucose, or mean arterial blood pressure in any of the three experiments.
Infarct volume
Infarct volumes are shown in Table 2 , and infarct areas are plotted in Fig. 1 . In Experiment 1 (perma nent MCA occlusion plus hypotension), there was no difference in either cortical or striatal infarct vol ume between the 30 and 36°C groups.
In experiment 2 (permanent MCA occlusion with out hypotension), one-way ANOVA failed to reveal statistically significant differences in either cortical or striatal infarct volume among temperature groups, although a nonsignificant trend toward smaller cortical infarct volumes in the hypothermic group was evident (Table 2, Fig. lB) . While re peated-measures ANOV A confirmed that the aver age cortical infarct area did not differ significantly among the three temperature groups (p = 0.18), univariate tests for within-subject effects nonethe less revealed a highly significant interaction be tween infarct area and temperature class (F(l8.270) = Values are means ± SD.
1.99, p = 0.01). Pairwise tests of this interaction showed that this was attributable to a difference between the 30 and 36°C animal groups (F(9,234) = 2.94, p = 0,003). Thus, the topographic pattern of cortical infarct areas in the hypothermic group dif fered from that of the normothermic group; this is evident graphically in Fig. 1 B.
In Experiment 3 (reversible MCA occlusion), in farct volumes within both cortex and striatum were lowest in the hypothermic animals, intermediate in the normothermic group, and largest in the hyper thermic rats (Table 2 , Fig. lC) . One-way ANOV A revealed a highly significant overall effect of tem perature on infarct volume in both cortex (F(2,34) = 8.24, p = 0.001) and striatum (F(2,34) = 6.30, P < 0,01). Post hoc tests by the Scheffe and Dunn pro cedures showed that this was attributable to signif icant differences between the 30 and 39°C (p < 0.01) and between the 36 and 39°C animal groups (p < 0.05) for cortical infarct volume; and between the 30 and 39°C groups (p < 0.01) for striatal infarct vol ume (Table 2 ). Figure lC illustrates the distribution of the cortical infarct.
Sporadic ischemic neuronal alterations occurring in noninfarcted portions of the MCA territory were assessed, by a blinded observer, in rats with revers ible MCA occlusion. Within the dorsolateral and lateral regions of the ipsilateral neocortex, frank in farction was less common, and isolated ischemic neuronal changes were correspondingly more fre quent in the hypothermic group than in normother mic or hyperthermic animals (Table 3 ). This trend was not statistically demonstrable, however, in the striatum.
Cortical blood flow
In Experiment 3 (reversible MCA occlusion), la ser-Doppler flowmetry on the surface of the ipsilat eral dorsolateral cortex revealed a sharp drop in blood flow upon MCA occlusion and confirmed reperfusion after removal of the clip (Fig. 2) repeated-measures ANOV A, there were no signifi cant overall differences in either intraischemic CBF (F(2,14) = 1.13, P = 0.35) or postischemic CBF (F(2,14) = 0.85, p = 0.45) among the three temper ature classes (Fig. 2) . Linear regression analysis demonstrated that the infarct volume in these animals was highly corre lated to the intraischemic BT (r = 0.572, p = 0.017) and to the mean CBF over the first 30 min of recir culation (r = 0.760, p = 0.0004) but not to the mean intraischemic CBF (r = 0.28, p = 0.27). A multiple regression model using all three independent vari ables failed to yield a significant coefficient for mean intraischemic CBF. Therefore, we made use of mUltiple regression with two independent vari ables; least-squares fit yielded the following equa tion, for which r = 0.850 and p = 0.0001: Here, CBF isch denotes the mean CBF during MCA occlusion, expressed as a percentage of the preis chemic baseline. Thus, the CBF during early recir culation following MCA occlusion was positively correlated to the intraischemic BT and negatively correlated to CBF during the ischemic period. These relationships are depicted in Fig. 4 as a two dimensional plot of the regression equation for iso therms of 30, 36, and 39°C.
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Values represent numbers of rats exhibiting the respective regional neuronal ischemic injury grade. Ischemic injury grades: 0 = normal; 1 = few affected neurons «10%); 2 = many affected neurons (10-50%); 3 = most neurons affected (>50%); 4 = frank infarction.
a Kruskal-Wallis one-way ANOVA by ranks, followed by Scheffe and Dunn tests. b Significant differences (p < 0.05) between the 30 and 39°C groups, and between the 36 and 39°C groups. C Significant difference (p < 0.05) between the 30 and 39°C groups.
brain warming, during a 2-h period of reversible fo cal cerebral ischemia. Mean cortical and striatal in farct volumes were reduced by 90.5 and 69.7%, re spectively, when the BT was decreased from 39 to 30°C in Experiment 3. On the other hand, the pro tective effect of hypothermia was less marked (44.7 and 9.2% reduction in infarct volume in cortex and striatum, respectively, when the temperature was decreased from 39 to 30°C) and did not reach sta tistical significance in permanent MCA occlusion (Experiment 2). There was, likewise, no difference in infarct volume between the 36 and 30°C groups when halothane-induced hypotension was added to permanent MCA occlusion (Experiment l). Thus, moderate hypothermia was shown to be more pro tective in the setting of reversible focal ischemia than in permanent focal ischemia. The fact that the hypothermic manipUlation was maintained through out the ischemic period in the transient but not in the permanent MCA occlusion groups may have • u o contributed to this outcome. It is possible, in per manent MCA occlusion models, that hypothermia might simply delay the morphologic evolution of pathological changes, and more profound degrees of brain hypothermia might be required to reduce the infarct volume significantly.
The protective effect of hypothermia against an oxia and ischemia of the brain has been attributed mainly to its reduction in brain energy demand (Rosomoff and Holaday, 1954; Michenfelder and Theye, 1968) and the consequent decrease in the rate of ATP depletion (Kramer et aI., 1968; Michen felder and Theye, 1970) . Oxygen metabolism (CMR02) of the normal brain has been estimated to decrease by almost 40% when the body temperature is reduced from 39 to 30°C (Hagerdal et aI., 1975) . CBF declines in parallel with CMR02 during whole body hypothermia (Rosomoff and Holaday, 1954; Busija and Leffler, 1987; Palmer et aI., 1989) . In monkeys, CMR02 and CBF were decreased by 29 and 41%, respectively, by MCA occlusion; whole body hypothermia to 26°C further decreased both values to a similar degree (22 and 25%, respec tively) (Simeone et aI., 1979) . Selective brain cool ing may exert a more favorable effect on flow metabolism coupling than whole-body hypothermia by avoiding the effects of hypothermia on cardiac output and blood viscosity (Steen et aI., 1980) . Re duction in energy demand may prevent or delay en ergy failure and thus protect tissue. In this regard, Welsh and colleagues (1990) have recently demon strated in gerbils that mild cranial hypothermia di minished hippocampal CA l ischemic injury and de layed the depletion of ATP during a 5-min ischemic insult. One hour of mechanical MCA occlusion of a nor motensive rat yields only minimal morphological damage (Dietrich et aI., 1989) . High-energy phos phates of the brain have been reported to recover after 1 h but not 2 h of MCA occlusion in rats (Sel man et aI., 1990) . Using spontaneously hyperten sive rats, Kaplan and colleagues (1991) have re cently demonstrated that the infarct volume is in creased after combined MCA and common carotid artery (CCA) occlusion when the duration of isch emia is increased from 1 to 3 h. In that same study, vascular occlusion for 3-4 h intervals yielded infarct volumes that were not significantly different from those resulting from permanent occlusion. The 2-h J Cereb Blood Flow Metab, Vol. 12, No.3, 1992 period of MCA occlusion used in the present study may thus represent the minimal ischemic duration required to produce cerebral infarction, so that a relatively small temperature alteration may have been capable of yielding a substantial reduction in infarct size.
In global ischemia, it has been demonstrated that brain hypothermia affects secondary injurious events after ischemia. At the end of 20 min of four vessel occlusion, brain high-energy metabolites were similarly depleted in those animals whose BT was held at 30 or 36°C during ischemia (Busto et aI., 1987) . However, ischemia-induced increases in stri atal extracellular dopamine and glutamate were suppressed by 100 and 60%, respectively, when the BT was reduced from 36 to 30°C (Busto et aI., 1989c) . Therefore, hypothermia may modify excito toxic brain injury by affecting extracellular neuro transmitter levels. In permanent MCA occlusion, a rise in the extracellular concentration of neuro transmitters was also observed (Hillered et aI., 1989) , and a strong correlation was noted between extracellular concentrations of glutamate plus as partate and the size of ischemic damage (Butcher et aI., 1990) . Furthermore, a reduction in ischemic damage by treatment with N-methyl-o-aspartate (NMDA) receptor antagonists has been demon strated (Ozyurt et aI., 1988; Park et aI., 1988; Stein berg et aI., 1988) . These observations suggest that excitotoxic processes may play a role in focal isch emic brain injury. The beneficial effect of moderate hypothermia observed in the transient MCA series may therefore relate in part to a suppression of ex citotoxic pathomechanisms. The more pronounced protective effect of hypo thermia in reversible MCA occlusion than in per manent occlusion raises the possibility that BT af fected ischemic consequences by modifying post ischemic events. In experiment 3, although brain temperature was not regulated during the postisch emic period, the postischemic CBF tended to be higher in the 39°C group. A significant positive cor relation was observed between cortical infarct vol ume and early postischemic CBF (Fig. 3) . The greater magnitude of postischemic hyperperfusion in hyperthermic animals may reflect more severe ischemia in those animals (Fig. 4) , resulting in the accumulation of larger amounts of vasodilator sub stances in the extracellular space (Lassen, 1966) . Alternatively, the BT could have affected neuro genic mechanisms involved in postischemic cere brovascular responses. A contribution of trigeminal sensory innervation has been demonstrated in post ischemic hyperemia (Moskowitz et aI., 1990) . Pre vious investigations of transient focal ischemia have shown that reactive hyperemia in the early stage of recirculation can be accompanied by blood-brain barrier (BBB) opening and an exacerbation of isch emic brain edema (Kuroiwa et aI., 1988 (Kuroiwa et aI., ,1989 . It is possible that the hyperthermic exacerbation of in jury in focal ischemia involves mechanisms distinct from those operating at normothermic or hypother mic levels.
In transient global ischemia, the BT dependence of postischemic BBB permeability has been re cently demonstrated (Dietrich et aI., 1990a) , with permeability of pial arteries and cerebral cortical arterioles being extremely sensitive to small tem perature manipulations. For example, although no leakage of the protein tracer horseradish peroxidase (HRP) was usually detected in cortical vessels 1 h following a 20-min ischemic insult conducted at 33°C, widespread HRP extravasation was seen in cortical regions when brain ischemia was conducted at 36°C. Mild intraischemic hyperthermia (39°C) further increased the severity of these permeability abnormalities. In related studies, sites of increased vascular permeability were spatially correlated with morphological indicators of acute neuronal injury and, in the more chronic setting, with brain infarc tion (Dietrich et aI., 1990b (Dietrich et aI., , 1991 . Thus, in the present study, temperature manipulations during transient MCA occlusion may have altered the his topathological outcome by affecting the acute BBB consequences of this ischemic insult, particularly following hyperthermic ischemia. These issues re quire further investigation.
In the current study, we controlled the tempera ture of the ipsilateral dorsolateral cortex directly because variations in total infarct volume relate most closely to involvement of that region. In pilot studies prior to this series, we observed a temper ature variation as large as 2°C among three different brain regions within the MCA territory. Although the current method of directly controlling the BT must have led to a better regulation of the BT than is provided by body temperature control alone, we are not certain of the actual magnitude and signifi cance of regional temperature variations within the brain. The potential for regional cortical tempera ture variations during MCA occlusion may be ex tremely important if critical levels of hypothermia are needed to protect the brain from infarction.
In conclusion, we observed a beneficial effect of brain hypothermia in the setting of transient focal ischemia and a less dramatic beneficial trend of hy pothermia in the setting of permanent focal isch emia, while mild hyperthermia exacerbated the his topathologic sequelae of transient ischemia. These results suggest the possibility of an effective appli cation of hypothermic brain protection in the setting of focal brain ischemia.
